Background-One mechanism by which extracellular field shocks (ECFSs) defibrillate the heart is by producing changes in membrane potential (V m ) at tissue discontinuities. Such virtual electrodes may produce new excitation waves or affect locally propagating action potentials. The rise time of V m determines the required duration of a single defibrillation pulse to reach a critical threshold for activation or for the modification of ion channel function, and depends on the electric and microstructural characteristics of the tissue. Methods and Results-We used optical mapping of V m in patterned cultures of neonatal rat ventricular myocytes to assess the relationship between cardiac structure and the early time course of V m during ECFSs. At monolayer boundaries, the time course of V m showed a close fit to the theoretical change predicted by theory, with a membrane time constant of 2.65Ϯ0.19 ms (nϭ13) and a length constant of 159Ϯ6 m (nϭ10). Experiments in patterned strands, mimicking the resistive boundaries that occur naturally in the heart, explained the observation that the rate of rise and the maximal amplitudes of the V m changes are inversely related because of electrotonic interactions between structural boundaries. Interrupting ECFSs by very short intervals diminished V m , but did not cause major changes in its overall time course. Conclusions-Interaction between virtual sinks and sources decreases the magnitude of the changes in V m but accelerates its time course. For efficient defibrillation, short ECFSs are needed, with an amplitude adapted to match the boundary interaction. (Circ Arrhythm Electrophysiol. 2012;5:391-399.)
C ardiac cells form a network that allows rapid propagation of the electric impulse and coordinated mechanical contraction. This process is determined by the electric properties of the cells, the extracellular space, and the architecture of the cellular network. 1 The same factors also determine how the tissue reacts to an electric field shock applied between extracellular electrodes. Such shocks are used to defibrillate the heart and to measure the passive electric properties of the tissue itself. [2] [3] [4] 
Clinical Perspective on p 399
The effect of extracellular field shocks (ECFSs) on cardiac tissue is complex and depends on the field strength of the shock, the tissue structure, the bidomain nature of cardiac tissue, and the electric properties of the cardiac cells. 2, 5 The introduction of optical mapping of transmembrane potential (V m ) has enabled the direct measurement of V m in whole hearts 6, 7 and tissue cultures, 8 without interference from stimulation artifacts. Early work using this technique has shown that an ECFS can produce either membrane depolarization or hyperpolarization. Thus, changes of opposite polarity have been observed within very short distances (Ϸ1 mm) in perfused rabbit hearts. 7 Recent studies on the effect of short defibrillation pulses have demonstrated the importance of intramyocardial virtual electrodes caused by the coronary vasculature. 9 While membrane potential sources close to the extracellular electrodes are mostly produced by the macroscopic boundaries of the heart itself, 10 "far-field" virtual sources 11, 12 most likely are caused by the bidomain nature 5, 13 and the structural organization of myocardial tissue. 14, 15 Theoretically, structural discontinuities may occur in both intra-and extracellular domains. In a tissue culture model, we have shown that such histological boundaries form major sources for transmembrane current flow and that they represent preferential sites for the initiation of propagated excitation, 16 whereas resistive barriers formed by individual cell borders play only minor roles. 8 The time course of V m in response to an ECFS is important because it will determine the time needed by an ECFS to produce biologically relevant changes of membrane potential. These changes include the initiation, prolongation, or shortening of action potentials, which may interrupt fibrillation. Work in cell cultures using high resolution optical mapping of V m has shown that, depending on pulse strength, the responses of V m to ECFS exhibit 3 typical phases. 17 The very early phase produces symmetrical hyper-and depolarization at the respective anodal and cathodal boundaries. This symmetry suggests that it can be attributed to the passive linear electric properties of the myocyte network. The second phase, which is superimposed on the first phase at intermediate levels of shock strength, most likely is caused by a change in the time-and voltage-dependent properties of ion channels. The third phase, observed at high field strengths, is characterized by a decrease in the V m response and probably is associated with electroporation. 8,18 -20 A relatively fast initial change in membrane potential may increase the efficiency of short defibrillation pulses to excite tissue at the sites of intramyocardial virtual sources, and it has been suggested recently that repetitive short pulses (requiring less energy) can be efficient in defibrillation. 9, 21 In the present study we used the experimental model of patterned cardiac cell cultures to assess the time course of the first, very early phase of V m changes after application of an ECFS. Whereas the tissue culture model is limited and cannot assess the full spectrum of variables determining the effect of ECFSs attributable to the bidomain nature of cardiac tissue, such as anisotropy, fiber curvature, heterogeneous extracellular resistance, and heterogeneous extracellular fields, it is nevertheless ideally suited for the reproducible control of the architecture of the cellular network. 22 The time dependence of V m during an ECFS reflects the charge and discharge of the myocyte membrane capacitance, because the extracellular and intracellular spaces have no major capacitive elements. Therefore, use of the cell culture model, devoid of the features playing a role in a bidomain model (as mentioned above), seems appropriate to test the specific effect of local tissue boundaries, which are present in the myocardium in vivo, 14, 23 on the time dependence of ECFS. In order to provide a mechanistic explanation for the observed interrelation between V m and structure, we compared the experimental with theoretical results derived using a 1-dimensional model of cardiac tissue. 4, 24 
Methods

Production of Patterned Cell Cultures
The production of patterned cell cultures from neonatal rat heart cells has been described in detail. 8, 16, 22 In brief, hearts from neonatal rats were excised, enzymatically digested to form a cell suspension, preplated to eliminate fibroblasts, and seeded on coverslips at a density of 0.5x10 6 cells per mL. Before seeding, defined fibronectin patterns were produced by microphotolithography to determine cell attachment and thus to produce well defined cell culture boundaries. After seeding, the cultures were kept in an incubator for 6 to 8 days at 35°C.
For experiments, 2 types of patterns were used, as illustrated in Figure 1 . For the determination of passive cable properties, patterns were constructed in the shape of a half disk with a sharp rectilinear boundary. For the investigation of the interactions between adjacent boundaries, linear strands were patterned with a width of 200 m (interboundary distance). In all cultures the arrangement and shape of the myocytes was isotropic. 8 
Stimulation and Optical Mapping of Transmembrane Potential
Transmembrane potential was recorded by multisite optical mapping of transmembrane potential, as described in detail previously 8, 16 (see online-only supplement). The change in transmembrane potential was expressed in percentage of action potential amplitude (%APA). 25 
Application of Extracellular Field Shocks
Propagated action potentials were elicited via electric stimulation using a bipolar electrode at a basic (S1-S1) interval of 500 ms. ECFSs were applied via 2 platinum electrodes placed in the tissue bath ( Figure 1 ). The electric field produced in this way was homogeneous, as previously shown. 8 ECFSs were produced by a custom-built device. This device produced single or repetitive Figure 1 . Schematic illustration of the experimental setup. A, Schematic of a cell culture dish showing a continuous layer of cultured neonatal rat heart cells patterned in the shape of half a disk (black). A bipolar electrode was used to stimulate the culture at an S1-S1 interval of 500 ms. Two platinum electrodes (gray) were arranged in such a way to produce a homogenous electric field (arrows) oriented perpendicular to the linear border of the cell culture. B, Schematic of a cell culture dish showing the culture pattern used to assess the effects of boundaries on the time course of V m during an extracellular field shock. Strands of 200 m in width emerge from a bulk monolayer of cells (black). The bulk is stimulated at an S1-S1 interval of 500 ms. The electric field (arrows) produced by the platinum electrodes (gray) is oriented perpendicular to the strands. C, Electric equivalent circuit of a passive cable of length L. L indicates the distance between resistive borders; r i , resistance of the intracellular space per unit length; r m , membrane resistance per unit length; c m , membrane capacitance per unit length (see onlineonly supplement for further explanation). rectangular voltage pulses that could be varied with respect to field strength, number, interpulse interval, polarity, duration, and latency after the basic stimulus (S1-S2 interval).
Computation of Time Dependent Changes in Transmembrane Potential, Determination of the Space Constant and the Membrane Time Constant
In our experiments we consistently applied ECFS exactly perpendicular to the tissue boundaries. We have previously shown that such an arrangement produces changes in V m with isopotential lines parallel to the boundaries (see online-only Data Supplement Figure  IS) . This relationship between the patterned tissue boundary and the extracellular field facilitates the computation of the change in V m , because a 1-dimensional model can be used. The linear equivalent circuit illustrated in Figure 1C comprises the intercellular resistance per unit length (r i ), the resistance of the cell membrane (r m ), and membrane capacitance (c m ). The membrane time constant () and length constant () are defined in their usual way ( 2 ϭr m /r i ; ϭr m * c m ). 24 For LϾ Ͼ, which corresponds to the single boundary case in the cell culture (Figure 2A ), can be obtained from the exponential decay of V m along the cable at the end of a long ECFS (t 3 ϱ): [2] [3] [4] 24 (1) V m ϭV 0 ϩV amplitude *exp (Ϫx/) and the is obtained from the change in V m close to the boundary by:
(2) V m ϭV 0 ϩV amplitude *erf͑͌͑t/͒͒ Mathematically, changes in amplitude and shape of V m during an ECFS due to interactions between boundaries can be derived from the 1-dimensional cable equation corresponding to the equivalent circuit described in Figure 1C , and the application of the so-called superimposition and reflexion principles (see online-only Data Supplement Equation IS). 24 Computations and fitting algorithms were implemented in MATLAB, and the exponential fit (equation 1) needed for the determination of was programmed in LabView (National Instruments).
Statistics
Experimental values were compared using the nonpaired t test where appropriate. Differences were considered significant at PϽ0.05. Unless specified otherwise, values are expressed as meanϮ SD.
Results
Early Time Course of the Change in V m During Application of an Extracellular Field Shock
The time course of V m during application of an ECFS during phase 4 and the plateau phase of the action potential was determined at the border of a dense culture of myocytes ( Figure 2A ). Selection of this single boundary geometry represents the "extreme" case, where interaction between boundaries is excluded (L3ϱ). Figure 2A shows 5 signals from measuring sites close to the culture border during a hyperpolarizing ECFS applied 30 ms before an S1 stimulus. Superimposition of the signals reflects the homogeneity of the electric field and V m , and at the culture border. The change in V m produced by the field pulse is depicted in Figure 2B . The red line in Figure 2B corresponds to the fit with equation 2 and shows that V m during the ECFS follows closely the time course predicted by equation 2 with a membrane time constant of 3.08 ms. Approximately 90% of maximal hyperpolarization was achieved after about 4 ms. In each experiment, the membrane time constant was obtained as the average from the fit of equation 2 to 5 signals located at the culture boundary. In 13 different cultures, the mean value of amounted to 2.70Ϯ0.19 ms. During phase 4, determination of following depolarizing ECFS was not possible, because action potentials were elicited close to the boundary, which precluded an appropriate fit with equation 2 in most experiments. V m elicited by an ECFS of 6 to 8 ms during the plateau phase of the action potential is depicted in Figure 3A .
Similarly to a hyperpolarizing pulse during phase 4, there was an accurate fit to equation 2 that yielded a membrane time constant of 3.24 ms. At the boundary, 90% hyperpolarization was reached after approximately 5 ms. The mean was 3.57Ϯ0.47 ms (nϭ8). As shown previously 17 and as illustrated in Figure 3A , the time course of hyperpolarizing pulses during the plateau was different from depolarizing pulses. Hyperpolarization produced an initial change in V m symmetrical to depolarization, and after the initial pulse segment of approximately 0.5 ms duration, a subsequent rapid repolarization was observed, probably corresponding to so called "all-or-nothing" repolarization, 17, 26 caused by activation of repolarizing ion currents. This precluded the determination of for hyperpolarizing pulses. 
The Effect of Adjacent Tissue Boundaries on the Time Course of Extracellular Field Shocks
To assess the effect of interaction of virtual electrodes at tissue boundaries on the time course and amplitude of V m during an ECFS (phase 4 of the action potential), we applied ECFSs perpendicular to 200 m wide strands ( Figure 1B ). Figure 4A illustrates the peak deflection of V m (measured at the end of the pulse) in response to a single ECFS of 4 ms, as a function of position across the strand (from the border adjacent to the anode to the border adjacent to the cathode; meanϮ SE, nϭ5, field strength 6.36V/cm). The interaction of the virtual electrodes at tissue boundaries is reflected in the shape of the peak V m deflection profile. The linear aspect of the profile is in agreement with previous observations in cell cultures. 8 The maximal amplitude measured at the cathodal boundary of a strand of 200 m in width amounted to 23Ϯ2%APA (nϭ5). In contrast, at a single boundary, the same field strength produced a significantly larger depolarization (filled square with asterisk), of 38Ϯ4%APA (nϭ7, PϽ0.05, nonpaired t test), demonstrating experimentally that the proximity of tissue boundaries decreases the maximal deflection of V m induced by an ECFS. Figure 4B illustrates V m at various distances from the middle axis of the strand (Ϫ103 m to 103 m) in the same experiments shown in Figure 4A . The ECFS resulted in an initial rapid change of V m reaching a plateau level at approximately 2 ms, that is, earlier than in the presence of a single boundary and in the absence of virtual source interaction (Figures 2 and 3 ). The red curve shows the comparison with the theoretical prediction (see online-only Data Supplement Equation I). Altogether, Figure 4 demonstrates that the interaction of virtual sources at resistive boundaries has 2 major effects on V m during an ECFS, (1) a decrease of the 
Comparison of the Effects of Single Versus Multiple Pulses
Modifying the time course of ECFS pulses, and thus influencing V m changes, may be useful to optimize the delivered energy during electric pulses, and thus important for the design of defibrillation devices. Figure 5A Figure 5B ). The plateau level amounts to 77% of control (simulated value 91%), with Iϭ0.2 ms ( Figure 5C ), and to 70% of control with Iϭ0.5 ms (simulated value 85%; Figure 5D ). 
Comparison of the Time Course of V m During Different Phases of the Action Potential and Determination of the Length Constant
To simulate the changes in V m during the early phase of an ECFS, it was necessary to determine the length constant based on experimental measurements. The length constant was determined from the decay of the steady-state V m at the end of a sufficiently long (8 -10 ms) hyperpolarizing pulse applied during phase 4 of the action potential. V m from up to 48 sites was recorded in each experiment and plotted as a function of distance from the boundary (Figure 6 ). The exponential fit (equation 2) in the experiment illustrated in Figure 6B produced a value of ϭ152 m. The mean value of amounted to 159Ϯ6 m (nϭ10). During the plateau phase of the action potential, the well-known 27 relative increase in membrane resistance was responsible for the increase in . The associated increase in produced a very flat profile of steady-state V m along the optically mapped distance x, which rendered an exponential fit analogous to Figure 6B inaccurate. Therefore, the value for plateau was calculated from phase 4 , plateau , and phase4 ; it amounted to 188 m.
Discussion
A major purpose of this study was the determination of the time course of the early change in V m induced by an extracellular field shock and its dependence on tissue boundaries. Application of a homogeneous extracellular field shock perpendicular to a single tissue boundary produced virtual sources with isopotential lines parallel to the tissue boundary. This made it possible to apply a relatively simple 1-dimensional model for the computation of the theoretical predictions and comparison with the experimental results. Because in 1 dimension, the monodomain and bidomain formulations are equivalent, this 1-dimensional simplification permitted us to apply a monodomain approach. The quality of the fit suggests that our experimental model is well represented by the electric circuit shown in Figure 1C .
The Effect of Strand Boundaries on the Size and Time Course of Virtual Sources
One of the major advantages of recording V m using voltagesensitive dyes is the absence of stimulation artifacts during the application of ECFSs. In experiments in situ, this made it possible to detect the virtual sources on the epicardial surface and at intramural sites. 2, 6, 7, 9, 11, 28 It has been shown that virtual sources and sinks coexist within distances of Ͻ1 mm. 7 A similar close association between local hyper-and depolarizations more recently has been described in isolated perfused rabbit hearts by Mowrey et al. 28 Interestingly, these authors found a strict inverse relationship between the maximal amplitude of a virtual source caused by an ECFS and the rate of rise, in correspondence with our results. This inverse correlation was proposed as a general principle of tissue behavior and independent of the application of drugs that inhibited ion channels, suggesting indirectly that it might be related to the intrinsic passive electric properties of the tissue. The mechanistic explanation for this inverse relation is provided in this work. Figure 7 depicts the theoretical changes in the maximal amplitude and the time course of V m during an ECFS in absence and presence of interactions between adjacent boundaries. It can be seen that the V m perpendicular to the border of the obstacle shows an exponential decay in the absence of interaction between the virtual source and virtual sink at the boundaries (blue line), in accordance with the experimental results ( Figure 6 ). [2] [3] [4] [5] If the length L of the excitable structure (corresponding to the strand width in Figure 1B ) decreases, the profile of V m during an ECFS assumes an increasingly linear shape (red curve) and the absolute values of the amplitude maxima or minima of V m decrease, due to the electric interaction between the strand borders. Concomitant with the decrease in amplitude, source-sink interaction produces a more rapid change in the transmembrane potential during the shock (Panel B).
Interruption of ECFS by Short Intervals
Changing the time course of ECFS of a given duration may be useful to reduce the delivered energy, and it may be important for the design of the charge-delivering device. The effect of complex pulse forms on the efficiency of defibrillation was investigated in detail by Malkin et al. 19 These authors made the empirical observation that the defibrillation efficiency of an ECFS was highest in presence of a short initial peak in the defibrillation pulse form. In our study, the maximal V m deflection in 200 m wide strands was changed only to a minor extent (Ͻ10%) if pulses of 2 to 3 ms in duration were interrupted by 3 short (0.1-0.2 ms) intervals, corresponding to a decrease of the delivered energy by up to 23% (see the online-only supplement for the calculation). Thus, in terms of energy expenditure, the interrupted pulse represents an advantage. These experimental results and theoretical simulations taken together suggest that the interactions between boundaries, producing a very rapid initial change in V m , should be taken into account when optimizing ECFS pulse forms. Malkin et al 19 attributed the observation that a short initial peak in the defibrillation pulse form increases the efficiency of defibrillation to the possible occurrence of electroporation. We have previously shown that electroporation (which manifests itself by an internalization of the dye Lucifer yellow 8 or by a decrease in the amplitude of V m late during an ECFS 17 ) occurs only at relatively high field strengths (Ͼ20 V/cm) in our experimental model (see onlineonly supplement). A contribution of electroporation to the observed changes in V m in the present experimental setting is therefore unlikely.
Limitations and Validity of the Cell Culture Model
The present study focuses specifically on the interaction between virtual sources and sinks caused by the vicinity of resistive boundaries during a single ECFS, and on the theoretical basis underlying the observed V m changes. Multiple important variables in defibrillation were not assessed, such as the effect of (1) shape and the polarity of the shocks, (2) the anisotropic architecture of cardiac tissue, (3) the possibility that inhomogeneities in extracellular space resistance create virtual sources, and (4) multiple pulses with longer interpulse intervals. Indeed, such repetitive pulses with intervals in the order of the defibrillation cycle length have been efficiently used to sequentially interrupt reentrant circuits. 9, 21 A further aspect relates to the question of the validity of the cell culture model for representing the cellular network in vivo. It has been shown that the interplay between the resistive properties of the extra-and intracellular spaces is important for the formation of virtual electrodes in the myocardium. 5, 13, 29 Cultures from neonatal rat myocytes have passive electric properties different from adult tissue in vivo. The most important difference is probably cell size. 30 -33 Decreasing cell size will decrease the spacing between cell borders, and consequently, increase intracellular resistance, r i (cytoplasmic and intercellular resistance in series). This most likely explains the observation that the length constant in rat neonatal cultures is significantly smaller than in adult hearts. 34, 35 Other factors, such as effects of the extracellular space resistance, r o , and ion channel expression (affecting membrane resistance r m ) additionally will affect . Thus far, only 1 study dealt specifically with the determination of cable properties in cell cultures of rat cardiomyocytes. 34 Irrespective of these considerations, an important property of our experimental model is that it consists of a cell monolayer and not of a multi-layered preparation, and there is therefore no ambiguity in our optical measurements that might arise because of voltage-dependent fluorescence emitted from deeper tissue layers. 
Potential Importance of Virtual Source-Sink Interactions for Defibrillation
Work in cell cultures and in whole hearts has demonstrated the importance of intramyocardial virtual sources as site of excitation waves, which may interrupt reentrant circuits during defibrillation. 9 The presence of resistive boundaries caused by the myocardial architecture, blood vessels, and bidomain tissue properties are important causes for the formation of virtual sources. In larger mammals the space constant, reflecting the degree of electric interaction between adjacent myocardium, is larger than in murine hearts. 1, 35 Therefore, source-sink interaction of virtual sources as shown in the present study is expected to occur between sources and sinks located more than 1 mm apart in these species. The interaction between physiological boundaries represented by normal transmural architecture and blood vessels is therefore likely to affect the maximal value of virtual sources and the rate of rise of V m . Moreover, the experimentally demonstrated dependence of the time course and amplitude of V m on source-sink interaction is expected to occur independently of the mechanism causing virtual source formation.
Conclusion
The inverse relationship between the maximal V m deflections caused by sources and loads and the rate of rise of V m during the ECFS may have implications regarding the effect of defibrillation shocks: First, single pulses of a duration shorter than the membrane time constant are likely to produce excitation at sites of source-sink interaction. Second, to reach the threshold for excitation at such a site, increasing the amplitude of a short ECFS will be more efficient than increasing its duration for an equal amount of energy delivered.
